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Abstract: The intensive development of renewable energy sources and the decreasing efficiency of
conventional energy sources are reducing the flexibility of the electric power system. It becomes
necessary to develop energy storage systems that allow reducing the differences between generation
and energy demand. This article presents a multivariant analysis of an adiabatic compressed air
energy storage system. The system uses a post-mining shaft as a reservoir of compressed air and
also as a location for the development of a heat storage tank. Consideration was given to the length
of the discharge stage, which directly affects the capital expenditure and operating schedule of the
system. The basis for the analyses was the in-house numerical model, which takes into account the
variability of air parameters during system operation. The numerical model also includes calculations
of Thermal Energy Storage’s transient performance. The energy efficiency of the system operating
on a daily cycle varies from 67.9% to 70.3%. Various mechanisms for economic support of energy
storage systems were analyzed. The levelized cost of storage varies, depending on the variant, from
75.86 EUR/MWh for the most favorable case to 223.24 EUR/MWh for the least favorable case.

Keywords: energy storage; support mechanisms; adiabatic CAES; numerical modeling; Thermal
Energy Storage

1. Introduction

A global shift toward zero-carbon technologies seems inevitable despite minor fluc-
tuations related to the geopolitical situation or local discussions of selected social groups.
Nevertheless, the general public perception of the challenges that societies will face due to
the high-cost requirements of the energy transition seems increasingly favorable. However,
it is worth noting that there is a correlation between openness to technological change
towards environmentally friendly ones and society’s wealth [1]. This issue is fundamental
in countries that rely heavily on fossil fuels, especially coal. The inevitable shift away from
coal is forcing a significant focus on reorganizing a considerable part of the industry, which
is linked to the reorganization of large groups of workers and the use of the remaining
infrastructure. In the case of Poland, Europe’s largest hard coal producer, the number
of employees in the entire mining and extraction sector (which includes the extraction
of all minerals in Poland) was 123,300 full-time equivalents in 2023. This means a de-
crease compared to 2017 (130,000 employees) and a significant decrease compared to 2009
(183,000 employees) [2]. Despite significant decreases in production volumes [3], this is
still an important area to consider. In the case of China, coal production volume is also
decreasing but still significantly higher than the lowest point in 2016. At the same time,
these countries’ share of renewables in the energy system is growing significantly. In China,
in 2021, there was an increase of nearly 130 GW of capacity, with more than 50 GW coming
from PV [4]. In Poland, a country considered to be dominated by hard coal, the share of
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renewables in the system already exceeded 32% at the beginning of 2022 [5]. These changes
raise further challenges, e.g., grid stability, so combining the two mentioned here would be
beneficial to make the transition process faster and more realistic.

The aim of this article is to demonstrate the applicability of the in-house numerical
model of an adiabatic energy storage system in compressed gases validated experimentally
for multivariate thermodynamic and economic analyses. The aim is also to draw the atten-
tion of the scientific community to the problem of estimating the potential of systems based
on heat storage, especially in the case of heat accumulation in solid porous deposits forcing
direct contact of heat transfer fluid with the rock material, which causes both a decrease in
gas pressure and progressive imperfections in the flow and heat storage processes. In addi-
tion, this article discusses and presents the impact of various financial support mechanisms
on the operation of large-scale energy storage systems. Financial support mechanisms
appear to be essential for the financial liquidity of energy storage system operators, as their
implementation involves large financial outlays. The energy storage systems in operation
to date have required the adaptation of extensive floodplains, the construction of dams
and barrages, or the leaching of underground salt caverns. It, therefore, appears that
one direction for implementing large-scale energy storage systems may be to use existing
infrastructure that currently falls under other industries, but adapting them to work with
energy storage may be more cost-effective than building a system from scratch. To date,
the most widely used large-scale energy storage systems are Pumped Hydro Storage (PHS).
Intense growth in installed renewable energy capacity is resulting in a concomitant increase
in interest and deployment of energy storage systems of different scales. The European
Association for Storage of Energy (EASE) estimates that the demand for installed capac-
ity in energy storage systems in the European Union will be approximately 200 GW by
2030. In 2050, this number is expected to be 600 GW, of which approximately 165 GW is
expected to be power-to-X technologies, where electricity is converted into another energy
carrier [6]. Energy storage facilities, depending on the characteristics of the technology in
question, can act as parameters balancing power grid (preferred technologies with very
short response times), price arbitrage (by cyclically buying and selling energy depending
on its price) or blackstart in case of system failure [7]. Therefore, there is a market demand
for energy storage both from the range of compact battery or electrolyzer installations, but
also large-scale PHS or Compressed Air Energy Storage (CAES). Adiabatic compressed air
energy storage (A-CAES) is one of the extensions of the basic CAES system concept [8].
This system is based on the introduction of a heat storage subsystem for compression and
air regeneration during the system’s discharge stage. This makes it possible to eliminate the
combustion of fuel (e.g., natural gas) from the thermodynamic cycle of the energy storage
system. The research objectives are presented in Figure 1.
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The use of mine infrastructure or underground salt caverns as locations for CAES
systems has been widely discussed by researchers. This applies to both diabatic [9–11] and
adiabatic systems [12–14]. However, studies are often based on simple thermodynamic
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models whose assumptions significantly reduce the accuracy of the calculations. Such
assumptions include, for example, the constant efficiency of the TES tank, the absence
of the effect of losses to the environment on system performance, or the absence of heat
dispersion [15–17].

The main novelty of this article is a comprehensive approach to evaluating the potential
of an adiabatic compressed air energy storage system. The system concept is based on
the author’s European patent [18] for a heat and compressed gas storage system in a
post-mining shaft. The calculation is based on the in-house numerical model, which takes
into account the imperfection of heat transfer and internal energy dissipation in Thermal
Energy Storage (TES), which leads to both energy and exergy losses. In addition, the model
has implemented machine operating characteristics—compressors and expanders. These
treatments make it possible to accurately estimate the potential for energy storage and
predict the generation of energy during system operations. The presented numerical model
is a significant development of previous research on the implementation of large-scale
energy storage systems. Previously used numerical models used many simplifications,
such as fixed machine operating parameters, fixed heat losses within the TES tank, or fixed
parameters for gas leaving the TES. These assumptions may have caused large discrepancies
between the calculated and actual potential of compressed gas energy storage systems. It
should be noted that the developed author’s numerical model for heat flow and storage in
TES was validated using the author’s own experimental results. The results of the system
analysis were also validated with other previous results obtained from projects focused on
A-CAES technology.

2. Materials and Methods
2.1. Adiabatic Compressed Air Energy Storage System Description

A schematic of the system under consideration, along with an indication of the charac-
teristic points, is shown in Figure 2.
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The adiabatic compressed air energy storage system in question involves using a
vertical, post-mining mine shaft as a compressed air reservoir (CARes). A typical mine
shaft in the case of coal mines extracting deep coal seams has a shaft casing with an inner
diameter of approximately 9 m. For the purpose of the calculations, the nominal depth of
the shaft was assumed to be 1000 m, which corresponds to the depths of reference shafts, for
example, in the region of underground mining in Poland and the Czech Republic. Within
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the mine shaft, it is envisaged to develop a Thermal Energy Storage (TES) to accumulate the
heat received from the compressed air leaving the second compressor stage. According to
the assumptions, the accumulation material is basalt grit with experimentally determined
porosity value of the packed-bed rock deposit [19].

The air is compressed using a two-stage compressor (AC1 and AC2), which is powered
by a motor (M) that operates during periods of reduced electricity demand and, thereby,
low energy prices. Intercooling of the compressor is carried out in a heat exchanger, and the
transferred energy is used in a technological process, which is not the subject of this study.
During the energy storage stage, the compressed air remains stored in an underground
reservoir. The system’s discharge stage is scheduled for a period of increased electricity
demand. During the discharge phase, the air is transferred through the TES reservoir,
where it recovers energy potential from the heated porous bed. After flowing through the
TES, the air is directed to the expander (AT1).

Unlike other A-CAES concepts, the presented system allows the TES tank to be inde-
pendent of external conditions. It is assumed that inside the underground infrastructure
of mines there is a steady temperature, which increases with depth. Due to the location
of the heat tank inside the compressed air reservoir, the pressure differential between the
interior of the tank and its surroundings is reduced to less than the air pressure drop across
the tank during the charging and discharging stages. In addition, due to the possibility
of transferring part of stresses to the shaft structure—the TES tank can be a thin-walled
element, which significantly reduces this investment cost.

The estimation of the potential for implementing the energy storage system in a
mining region must be preceded by an extensive geological and infrastructural analysis.
The condition of the shaft casing and its structure as well as the integrity of the surrounding
rocks must be taken into account. Surrounding area stability studies are necessary, as
well as measurements of ground subsidence as a result of discontinued mining. Previous
studies on the resistance of shaft casing to cyclic pressure changes have confirmed that
a post-exploitation mine shaft can be used as a compressed air reservoir [20,21]. Test
results performed in the Universal Distinct Element Code (UDEC) indicated negligible
local displacements in the casing structure. It should be noted that a mine shaft must also
meet minimum geometric dimension criteria, as the volume of the shaft directly affects the
energy storage capacity. It has been shown that decreasing the diameter of the TES tank
leads to an increase in the energy storage potential, but at the same time increases the air
pressure loss. In Figure 3 the structure of the TES installation located in the post-mine shaft
is shown.
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2.2. Thermodynamic Model

The numerical model was compiled originally using MATLAB 2022b software with
the Coolprop 6.6.0 add-on implementing the possibility of calculating real gas parameters.
The parameters are determined using the real gas model proposed by Lemmon et al. [22]
whose applicability is in the range of gas temperature from 60 K to 2000 K and its pressure
up to 2000 MPa. The authors determined that the estimated uncertainty of the air density
up to 873 K and a pressure of 70 MPa is 0.1% of the value, and the heat capacity is 1%.
Above this point, the uncertainty of the density value is 0.5% and increases to a value of 1%
at 2000 K and 2000 MPa. The numerical model consists of 4 interdependent components,
the results of which cascade to determine certain assumptions in other blocks of the model.
The numerical model of the A-CAES system includes:

• A mechanical model that, based on technical standards and preliminary assumptions
of system pressure limits, as well as maximum allowable air temperatures, allows
determining the minimum recommended parameters of the TES tank [23].

• A thermodynamic model of the compression and expansion system, which uses the
dynamic characteristics of these devices that depend on the ratio of pressures and
temperatures to nominal parameters [24]. The characteristics allow the determination
of instantaneous internal efficiencies. The thermodynamic model, along with the main
relationships, is discussed in detail in Bartela et al. [25].

• A dynamic model of the charging, heat storage, and discharge stages of the TES
tank, which operates in parallel with the thermodynamic model of the compression
and expansion system, allows calculation of air pressure drop, as well as dynamic
calculation of air and rock material temperatures inside the heat storage tank. The
numerical model also includes calculations of heat loss to the environment, as well as
heat accumulation in the tank wall and insulation [26].

• An economic model that allows the selected system operating scenario to be adjusted
to the accepted data in the range of time-varying energy prices.

The dynamic model of the TES tank was based on the Non-Equilibrium Thermal
Model, in which the rock deposit is treated as parallel interacting zones: the rock zone
and the fluid zone. The energy conservation equation for the fluid zone is presented in
Equation (1) and for the rock zone in Equation (2):

∂

∂t

(
ερ f E f

)
+∇·

(→
v
(

ρ f E f + p
))

= ∇·
(

εk f∇Tf

)
+ h f s A f s(Ts − Tf ), (1)

∂

∂t
((1 − ε)ρsEs) = ∇·((1 − ε)ks∇Ts) + h f s A f s(Tf − Ts), (2)

where ε is the porosity of the rock deposit defined as the ratio of the volume of the fluid
to the volume of the rock material in the heat reservoir,

→
v is the velocity of the fluid, ρs

and ρ f are the density of the rock and fluid, respectively, p is the pressure of the fluid,
Ts and Tf are the temperature of the rock and fluid, respectively, ks and k f are the heat
conduction coefficient of the rock and fluid, respectively, and A f s is the heat transfer area
defined as 6·(1 − ε)/Dp where Dp is the diameter of the rock bed particle. The convective
heat transfer coefficient between the fluid and rock material h f s determines the intensity of
heat transfer between the media and is defined as:

h f s =
Nu f s·k f

Dp
, (3)

where Nu f s is the Nusselt number. The article by Ochmann et al. [27] extensively dis-
cusses and evaluates the selection of one of the correlations used for the Nusselt number
for the slender heat storage case under study. The selected correlation is presented in
Equation (4) [28].

Nu f s = 2 + 1.1·Re0.6·Pr1/3, (4)
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The applicability of this correlation was proven for the laboratory bench used to
validate this numerical model. The best match between empirical and computational

results is obtained in the range of 103 <
(

Pr1/3·Re0.6
)2

< 104 for spherical elements where
Pr is the Prandtl number and Re is the Reynolds number. Heat penetration inside the tank
wall volume is also calculated. The heat transfer coefficient h f w between these phases is
defined analogously to h f s (Equation (3)); however, a different correlation of the Nusselt
number is used. The heat penetration coefficient for the tank wall is defined as [29,30]

h f w =
Nu f w·k f

Dp
, (5)

where the Nusselt number Nu f w is determined by the relation [31].

Nu f w = 0.0835·Re0.91, (6)

The applicability of this correlation has been proven for the range of the N ratio
of the TES diameter to the bed particle diameter 4 < N < 30. The laboratory bench is
characterized by N equal to 13.31. The chosen correlation for the Nusselt number has been
extensively discussed and numerically compared with others available in the literature by
Wehinger and Scharf [32]. The air pressure drop along the length of the heat accumulator is
calculated using the Ergun equation [33]:

|∆p|
L

=
150·µ f

D2
p

· (1 − ε)2

ε3 ·v∞ +
1.75·ρ f

Dp
· (1 − ε)

ε3 ·v2
∞, (7)

where µ f is the dynamic viscosity of the fluid.
The number of TES segments n required to accumulate heat during the charging stage

of the system was calculated from the formula:

n =
1.2·VTES_n·ρb·(1 − ε)·cpb·(Tmax − Tmin)∫ τc

0
.

ma·(h4 − h5) dτ
, (8)

where VTES_n is the volume of TES segment assuming a constant diameter DTES and
segment height HTES_n, Tmax is the air maximum temperature during charging stage at
point 4, Tmin is the air minimum temperature in the system,

.
ma is the air mass flow during

charging stage h4 and h5 are the enthalpies of air at points 4 and 5, respectively, and cpb is
the heat capacity of basalt.

2.3. Laboratory Stand and Thermal Energy Storage Investigation

The basis for the development of system modeling is the research performed on a
laboratory stand involving the vertical basalt-filled heat storage tank [34]. The tank is
supplied using temperature-controlled, peri-atmospheric pressure air. Thanks to the valve
system, it is possible to charge the storage tank from the top and discharge it from the
bottom, which corresponds to the operating characteristics within the A-CAES system
built in the mine shaft. The TES tank is 3 m high, and its diameter is 0.219 m. The total
volume of the heat storage tank is approximately 0.1 m3. The temperature of the rock
deposit is registered using ten resistance temperature detectors located along the axis of
the storage tank. In addition, the slenderness of the laboratory TES tank corresponds to the
geometrical characteristics of a large-scale system possible to be installed in a mine shaft.
As a consequence, the cross-sectional area of the tank (which in the real scenario is limited
by the diameter of the shaft) is reduced, while its length is increased. The laboratory stand
was presented in Figure 4.
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2.4. Assumption for Analysis

As mentioned, a real gas model was used to increase the accuracy of the numerical
model. In addition, the dynamic characteristics of the compressor and air expander were
assumed during the calculations. Variable thermophysical parameters of the rock material,
structural steel and thermal insulation were implemented in the numerical model [35].
The rock material was tested using a C-Therm TCi device with accuracy and precision of
5% and 1%, respectively. The prepared samples correspond to the material used on the
laboratory bench. Through testing, it was possible to obtain values of basalt’s thermal
conductivity and heat capacity.
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The assumptions for the adopted calculation analysis are presented in Table 1.

Table 1. The assumptions for the calculation analysis of CAES system.

Item Value Unit

Volume of mine shaft 63,000 m3

Ambient temperature 20 ◦C
Ambient pressure 101.325 kPa
Minimum pressure in reservoir 5600 kPa
Maximum pressure in reservoir 8000 kPa
Air temperature in reservoir 30 ◦C
Maximum temperature of compressed air 530 ◦C
Efficiency of compressor sections (nominal) 0.85 -
Efficiency of turbine sections (nominal) 0.88 -
Electromechanical efficiency of compressor/turbine 0.98 -
Compressor time operation (charging stage) 8 h
TES segment height 10 m
TES segment diameter 5 m
Packed bed material Basalt grit -
Material heat capacity (average) 920 J/kgK
Material density 2660 kg/m3

Packed bed porosity 0.38 -
Basalt particles diameter 16 mm

3. Results
3.1. Numerical Model Validation

The numerical model was validated against the experimental data. In order to examine
the flexibility of the numerical model, a comparison was made with an experimental series
with an insulated storage tank (Figure 5a) and a storage tank without thermal insulation
(Figure 5b).
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Figure 5. Experimental and numerical results of the TES tank charging process: (a) Tmax = 350.25 K,
(b) Tmax = 341.75 K.

In both cases, the simulation results correspond to the experimental data, also falling
within the maximum limits of measurement error. The largest deviations were noted for
the intense temperature rise in the upper area of the TES tank, which may be due to the
location of the resistive temperature sensor in relation to the tank’s air inlet, which was not
represented in the numerical model, and assumed fully developed inlet flow.

The results of the thermodynamic analysis of the adiabatic CAES system were val-
idated using system data presented by Zunft [36]. His work presents the results of a
preliminary analysis of one of the solutions considered in the realization of the ADELE
project [17]. The system configuration was analogous to the one discussed in this paper;
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however, the heat storage tank was an above-ground structure made of prestressed con-
crete, and the compressed air reservoir was a salt cavern with a volume of approximately
360,000 m3. The minimum and maximum air pressures in the reservoir were equal to
5 MPa and 7 MPa, respectively. The maximum air temperature after the second stage of the
compressor was 600 ◦C, and the air temperature in the reservoir was equal to approximately
50 ◦C. The results of the comparative analysis are shown in Table 2.

Table 2. The results of the comparative analysis.

Item Zunft [33] Present Paper

Expander power ~260 MW 260.9 MW
Compressor power ~200 MW 191.8 MW
Storage capacity ~1 GWh 1.04 GWh
Round trip efficiency ~70% 70.5%

The results of the thermodynamic analysis show high convergence with the operating
parameters of the basic model of the A-CAES system studied in the ADELE project. Ap-
proximately 5% difference was observed in the compressor power, which may be the result
of the assumed nominal compressor efficiency value and differences in the relationship
between temperature and pressure of the medium and compressor efficiency.

3.2. Results of Thermodynamic Analysis

Preliminary results obtained from the mechanical and thermodynamic model allowed
determining the final volume of the compressed air reservoir, which was 62,115 m3 with a
TES tank of 70 m in length and a flow diameter of 5 m. The thickness of the tank wall’s steel
was estimated at 0.015 m, assuming an adequate safety allowance for corrosion. Assuming
a difference in air pressure in the reservoir between the beginning and end of the charging
stage, the charging air flow rate was calculated to be 59.82 kg/s. The duration of the storage
and discharge stage was considered according to six cases, the details of which are shown
in Figure 6.
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Figure 6. Daily operating plan of different variants of the A-CAES system.

The variable time of the energy storage stage makes it possible to adjust the system
operation schedule to the most favorable time intervals during the day in terms of electricity
prices. It was assumed that during cyclic operation, the amount of heat remaining in the
TES tank after the discharge stage is negligible and does not affect subsequent system
operation cycles. However, the duration of the storage stage measurably affects the energy
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and exergy efficiency of the TES tank and the entire energy storage system. Because of the
resulting temperature gradient of the basalt, a natural heat dispersion effect is observed
through the flow of heat from higher temperature zones to lower temperature zones. The
reduction in the stored energy potential is also affected by the heat flow effect through the
tank wall and insulation and its accumulation in these elements, as well as irreversible
losses to the environment. Figure 7 presents the increase in basalt temperature at selected
points during the charging stage, counting from the inlet to the TES tank.
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Figure 7. Temperature of the storage material at selected points of the TES tank during the charging
stage of the system.

As assumed, the temperature of the rock material did not exceed the permissible value
of 795 K, while the temperature of the charging air was not constant during the charging
stage due to other than nominal compressor operating parameters. Martin et al. [37] studied
the thermophysical parameters and strength of basalt and quartzite in long-term, high-
temperature heat storage. No significant structural changes were shown in the basalt stones
after testing at 560 ◦C, and no cracks or cavities were observed. As indicated in Figure 7,
despite the use of a 20% volume allowance for the accumulation material relative to its
minimum amount necessary to store the heat of compression (Equation (8)), an increase
in the basalt temperature in the lower part of the storage tank was noted. This indicates
the occurrence of an irreversible physical outlet loss to the volume of the compressed air
reservoir. In Figure 7, it can be noted that from 50 m to 70 m a temperature gradient of
approximately 21 K/m was recorded for the rock material, where at 0–50 m the gradient
is only approximately 1 K/m. Table 3 presents the characteristic temperatures of the rock
material in relation to the length of the energy storage stage. A value of “0” is specified for
the end of the charging stage of the system.

Table 3. Characteristic values of basalt temperature depending on the length of the energy stor-
age stage.

Storage Stage
Duration, h

Average Basalt
Temperature, K

Maximum Basalt
Temperature, K

Minimum Basalt
Temperature, K

0 701.10 794.91 320.89
9 700.72 794.18 322.23
10 700.68 794.12 322.31
11 700.64 794.05 322.38
12 700.58 793.97 322.45
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As shown, as the duration of the storage stage increased, a progressive effect of
natural energy dispersion inside the heat storage tank was noted. After 12 h of this stage,
the maximum temperature of the rock material decreased by 0.94 K, and the minimum
temperature increased by 1.56 K. It is worth noting that during the entire cycle of TES tank
operation, heat loss to the tank wall volume and the environment was taken into account.
The obtained temperature distribution of the rock material was, therefore, the result of the
energy loss and exergy components of the heat storage process in the rock material.

The need to use the accumulated compressed air during the discharge stage, which is
indicated in Figure 6, carries with it the need to increase the mass flow rate of regenerated
air. Thus, the scale of the expander and investment costs increase; however, its nominal
parameters also depend on the air pressure drop at the TES tank. According to Ergun’s
equation, the value of the air pressure drop depends on, among other variables, the flow
velocity and the temperature- and pressure-dependent density of the fluid. Figure 8a shows
the values of air pressure drops on the TES element of the studied system variants along
with the calculated air mass flow rates during the discharge stage. Figure 8b shows the
temperature of the regenerated air, which is directed to the gas expander.
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Figure 8. The value of (a) air pressure drop and (b) air temperature during the discharge stage of the
A-CAES system.

To present the results more clearly, Figure 8a excludes Variant 6. This variant, during
the 3600-s discharge stage, is characterized by a drop in air pressure of 1468 kPa at the
beginning of this stage and 910 kPa at the end. In each of the studied variants, a decrease
in the tested value was registered, which is related to the change in air density resulting
from the progressive discharge of the heat storage tank. For variant 1, the nominal pressure
of the expander was 6.76 MPa, when for variant 6, this value was 5.61 MPa. Figure 8b
shows that as the duration of the discharge phase increases, the period of the intense drop
in the temperature of the regenerated air increases. Regardless of the variant studied, the
air temperature at the end of the discharge stage is relatively similar. Table 4 presents the
consumption and production of electricity and round-trip efficiency by case.

Table 4. The results of the thermodynamic analysis of the presented adiabatic compressed air energy
storage system using a TES tank.

Energy Consumption, MWh Energy Production, MWh Energy Efficiency, %

Case 1 308.19 216.73 70.32
Case 2 308.19 216.48 70.24
Case 3 308.19 216.11 70.12
Case 4 308.19 215.55 69.94
Case 5 308.19 214.38 69.56
Case 6 308.19 209.32 67.91
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As assumed, the energy consumption during the charging stage is equal in each of
the studied cases (see Figure 6). Electricity production depends on the nominal pressure of
the expander, the value of which decreases as the air pressure drop on the TES increases.
The energy efficiency of the studied system was determined to be approximately 67–70%,
which is in line with the A-CAES systems analyzed so far in the literature [38].

3.3. Economic Assessment of the A-CAES System Using Post-Mine Shaft

For economic calculations, energy prices in 2022 in Poland were taken as a reference.
Poland is experiencing intensive growth in the share of renewable energy sources in the
national energy mix. In 2022, the share of RES in national production reached 19.1%, almost
doubling this value compared to 2016 [7]. This is similar to the value achieved in France
and Belgium (23.4% and 22.8%, respectively), but significantly different from Germany
(49.2%), Spain (44.7%), or Lithuania (78.8%). Energy prices on the Polish market on an
annual basis are presented in Figure 9a. The characteristic values per day are presented in
Figure 9b.
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Figure 9. (a) annual electricity prices; (b) characteristic hourly energy prices [39].

The average hourly energy price used in the calculations ranges daily from 137.26 EUR/MWh
to 236.65 EUR/MWh. During the summer, the highest energy prices were recorded,
reaching 771.00 EUR/MWh. The high energy prices were caused by the problem with the
availability of hydrocarbons used in the energy industry as a result of the unstable situation
in the middle-eastern region in Europe. Figure 10 presents a summary of the average
hourly energy prices with the adopted scenarios for the operation of the A-CAES system.
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Figure 10. Comparison of hourly energy prices and operational scenarios of the A-CAES system.
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The operation of the air compressors was scheduled for the night-morning valley,
during which there is the longest 8-h period of lowest energy prices. During the charging
stage, there is a continuous increase in energy consumption, which is related to the increase
in pressure in the compressed air reservoir and, as a result, the operation of the compressors
at a non-nominal point. The discharge stage, during which energy is sold to the grid, is
scheduled for the evening demand peak, which begins approximately 5 p.m. and ends
approximately 11 p.m. As indicated in Figure 10, in each scenario there was a decrease in
the value of energy generated during system operation, which is related to a decrease in
both air pressure and temperature, which has a direct impact on the performance of the gas
expander. An additional 7th case was also investigated, in which the discharge stage lasts
1 h (as in the case of variant 6), but the time of this stage falls on the hour with the highest
energy price during the day. This case corresponds to a situation in which the scenario for
the operation of the energy storage system is determined dynamically based on day-ahead
market data.

The economic evaluation of the considered cases was carried out using the following
methodology. Financial flows CFτ were defined as:

CFτ = [S + AC − J − KO&M + L + A]t, (9)

where S is the income, J is the investment cost [40], L is the system liquidation value, AC is
the avoided costs, and A is a depreciation.

Income S is defined as:

S = ∑i=8760
i=1 Cel,dchi

·Eel,Exi
, (10)

where Eel,Exi is the expander energy production in the i-th hour of the year; Cel,dchI is the
sale price of energy in the i-th hour of the year during the discharging period.

Investment cost were calculated as:

J = JC + JEx + JTES + Jb + JO, (11)

where JC is compressor cost, JEx is expander cost, JTES is TES system cost, Jb are building
costs and JO are other costs (e.g., pipelines, control systems).

Operating and maintenance costs KO&M consist of fixed and variable parts as well as
the cost of purchasing electricity, it can be written using the equation:

KO&M = KO&M f + KO&Mv, (12)

where KO&Mf and KO&Mv are fixed and variable part of operating costs and Ke is cost of
purchasing electricity, respectively.

In order to calculate the value of fixed and variable costs in subsequent years of the
system operation, the unit indicator of fixed operation and maintenance costs—kO&Mf—as
well as the unit indicator of variable operating and maintenance costs—kO&Mv—were
assumed. The values of individual costs were calculated from the following dependencies:

KO&M_F = kO&M f ·Nel,Ex + A, (13)

KO&Mv = kO&Mv·Eel,Ex + ∑i=8760
i=1 Cel,chi

·Eel,Ci
, (14)

where Nel,Ex is power of expander and Eel,Ex is amount of electricity produced, Eel,Ci is the
compressor unit energy consumption during the i-th hour of the year, Cel,chi is the purchase
price of energy in the i-th hour of the year during the charging period.
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The cash flows determined from the Equation (13) were used to determine the levelized
cost of storage (LCOS). LCOS was determined from the equation [41,42]:

LCOS =
J + ∑τ=N

τ=0
KO&M+L+A

(1+r)τ

∑τ=N
τ=0

∑i=8760
i=1 Eel,Exi
(1+r)τ

, (15)

where r is the discount rate and τ is the time in years (0 means the year of construction start).
For the examined case of using the A-CAES energy storage system with the use of a

post-mining shaft, an economic analysis was also carried out. The economic analysis was
carried out by using the Net Present Value (NPV), which is defined by the equation:

NPV =
τ=N

∑
τ=0

CFt

(1 + r)τ , (16)

where N is the last year of system operation time. The evaluation of the profitability of the
investment was made using the Net Present Value ratio (NPVR) defined as:

NPVR =
NPV

J
, (17)

If the NPVR value is > 0, then the investment is profitable over its planned lifetime.
In the case of NPVR = 0, the investment is economically neutral. When NPVR < 0 the
investment is unprofitable.

The European Commission is recommending the implementation of support mech-
anisms for energy storage systems to improve energy security in the states [43]. Intense
development of RES, advancing age and declining efficiency of existing conventional en-
ergy sources negatively affect the flexibility of the power system. These solutions can be
described as:

• Permission to use existing infrastructure—regulations are needed to transfer post-
mining infrastructure or salt caverns used as fuel storage to implement energy storage
systems. There is a need to develop a methodology for determining the safety and
operation of these structures. In addition, it is also possible to convert existing con-
ventional systems to increase their flexibility. Such a conversion can include the
installation of a TES tank [44,45].

• Admission to participate in the balancing market—allowing energy storage systems
into the balancing market for power grid parameters will increase the viability of
these systems. In some European countries, storage systems are already allowed
to participate in this market. The grid operator determines the time and period of
activation of the system (both generation and consumption of energy) thanks to which
the differences between demand and generation are reduced.

• Tax exemptions for the purchase of electricity—allow to increase the profitability of
investments in energy storage systems and faster payback time. The discount covers
the period of energy purchase while the system is charging.

• Implementation of dual-commodity energy exchange—a mechanism that involves re-
warding the energy storage system operator both when energy is produced according
to grid demand and when the system is ready to energy production. The fact that the
energy storage system remains in the system operator’s reserve resources makes it
possible to protect the grid during periods of high load variability, planned shutdowns
of other systems or failures.

• Implementation of a virtual power plant—a system that allows the optimization and
interaction of interconnected energy systems. This enables more efficient planning of
operating schedules, as well as optimal management of surplus energy.

The scope of this article examines different configurations of support mechanisms. In
addition to the profit in the form of electricity sales at the peak of demand, the algorithm
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assumed that due to the use of the post-mine infrastructure together with the mine shaft, the
costs of liquidation of the mentioned elements were avoided. The author of the article [46]
described legal and economic aspects of the mine liquidation process hard coal in Poland.
In his article, the author presents examples of unit costs of decommissioning mine facilities
as well as an algorithm for estimating the costs of decommissioning 1 million Mg of the
mine’s production capacity. For the purposes of this article, the average value of mine
liquidation presented in [46] was used. In addition, due to the data origin date (2009),
an increase in the inflation rate of 20% was assumed in relation to the current conditions.
Table 5 shows adopted assumptions for economic analysis.

Table 5. Assumptions for economic analysis [47–49].

Item Value Unit

Installation lifetime 50 years
Construction time 3 years
Distribution of capital expenditures 10/30/60 %
Discount rate 10 %
Unit indicator of fixed operation and maintenance costs 18 Euro/kW per year
Unit indicator of variable operation and maintenance costs 2 Euro/MWh
Mine liquidation cost (2009) 19.98 mln Euro
Inflation rate 20 %
Liquidation value 11.54 mln Euro
Euro to PLN exchange rate 4.81 PLN/Euro
Dollar to PLN exchange rate 4.5 PLN/Dollar
Tax 23 %

The economic analysis using the LCOS indicator includes six different variants for the
construction and operation of an adiabatic CAES system. Variant 1 defines a situation in
which the energy storage system operator cannot count on legislative support from the
reduction in energy purchase rates by the value of the tax, and does not function as an island
installation with the RES system, forcing the cyclical purchase of energy from the grid. In
addition, this option does not take into account the avoided costs of decommissioning a
mine shaft. The second variant assumes an exemption from tax on the purchase of electric
energy, the value of which is indicated in Table 6. Variants 5 and 6, due to their operation
under an island RES system and free electricity, exclude the need to purchase power from
the grid. The configurations of all the variants considered are shown in Table 6.

Table 6. Configurations of tested variants of support mechanisms for energy storage systems.

Energy Purchase Tax Shaft Decommissioning
Avoidance Cost Free Electricity Cost

Variant 1 ✓ ✕ ✕

Variant 2 ✕ ✕ ✕

Variant 3 ✓ ✓ ✕

Variant 4 ✕ ✓ ✕

Variant 5 - ✕ ✓

Variant 6 - ✓ ✓

Figure 11 shows the results obtained for individual variants of the adopted assump-
tions for the calculation of the LCOS value.

The analysis shown in Figure 11 indicates that the most cost-effective scenario for
all cases is the option in which electricity during the charging stage of the system is free,
and the avoided costs take into account the potential cost of decommissioning the mine
shaft. The LCOS value ranges from 75.86 EUR/MWh for case one and 223.24 EUR/MWh
for cases six and seven. For the last two cases, all LCOS values are equal due to the
definition of this indicator and only differences in the daily operation of these systems.
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Similar calculations of the LCOS index for adiabatic CAES systems are presented in [50].
The author of the article determines the LCOS values for various technological solutions
enabling energy storage. For adiabatic CAES systems, the author received similar values
between 70 and 110 EUR/MWh, while the lowest value of the LCOS index was obtained
for pumped-storage hydroelectricity (PSH) at the level of 70–90 EUR/MWh.

Energies 2024, 17, x FOR PEER REVIEW 18 of 23 
 

 

 
Figure 11. Results obtained for individual variants of the adopted assumptions for the calculation 
of the LCOS value. 

The analysis shown in Figure 11 indicates that the most cost-effective scenario for all 
cases is the option in which electricity during the charging stage of the system is free, and 
the avoided costs take into account the potential cost of decommissioning the mine shaft. 
The LCOS value ranges from 75.86 EUR/MWh for case one and 223.24 EUR/MWh for cases 
six and seven. For the last two cases, all LCOS values are equal due to the definition of 
this indicator and only differences in the daily operation of these systems. Similar calcu-
lations of the LCOS index for adiabatic CAES systems are presented in [50]. The author of 
the article determines the LCOS values for various technological solutions enabling en-
ergy storage. For adiabatic CAES systems, the author received similar values between 70 
and 110 EUR/MWh, while the lowest value of the LCOS index was obtained for pumped-
storage hydroelectricity (PSH) at the level of 70–90 EUR/MWh. 

The value of the NPV parameter for Case 1 and the most favorable variant 6 
amounted to more than EUR 79 million after 50 years of system operation (free electricity 
and included the avoided costs of decommissioning the mine shaft). In comparison, for 
this variant in Case 6 and Case 7, the NPV was EUR 19,131,147 and EUR 31,009,165, re-
spectively. The value of the NPVR index was 0.15 for Case 6 Variant 6, and 0.26 for Case 7 
Variant 6. CAPEX for Case 1 was more than EUR 50 million, and for Cases 6 and 7 more 
than EUR 118 million, as a result of the power of the expander used. NPV values indicate 
that an installation using a lower-power expander with a longer expansion time is more 
cost-effective. On the other hand, an installation with more power and a shorter expansion 
time yields higher annual profits and will be the more profitable one if it has a longer life. 
This indicates that it is extremely important to align the energy storage system operation 
plan with grid conditions and energy prices planned in advance. It follows that extending 
the discharge phase (as in cases 1–5) reduces the flexibility of the energy storage system. 
On the other hand, extending the discharge time reduces the financial investment, which 
at the same time lowers the cost-effectiveness threshold for implementing an energy stor-
age system. Estimating the actual potential of a proposed energy storage system strongly 
depends on its specific location and the adaptation of local state laws to the degree of 
demand for energy storage systems. Even in the countries of the European Union, which 
has well-defined development goals even up to 2050, there are significant discrepancies 
regarding the process of contracting energy storage systems and their admittance to the 
realization of system services other than price arbitrage. The CAES system, due to its time 
to start up and reach full power (approximately 10 min [51]), can perform a number of 
roles in support of the national power system. In addition to the aforementioned price 
arbitrage, which at the same time supports the reduction in valleys and peaks in energy 

0

100

200

300

400

500

600

1 2 3 4 5 6 7

LC
OS

, €
/M

W
h

Case

Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Variant 6

Figure 11. Results obtained for individual variants of the adopted assumptions for the calculation of
the LCOS value.

The value of the NPV parameter for Case 1 and the most favorable variant 6 amounted
to more than EUR 79 million after 50 years of system operation (free electricity and included
the avoided costs of decommissioning the mine shaft). In comparison, for this variant in
Case 6 and Case 7, the NPV was EUR 19,131,147 and EUR 31,009,165, respectively. The
value of the NPVR index was 0.15 for Case 6 Variant 6, and 0.26 for Case 7 Variant 6. CAPEX
for Case 1 was more than EUR 50 million, and for Cases 6 and 7 more than EUR 118 million,
as a result of the power of the expander used. NPV values indicate that an installation
using a lower-power expander with a longer expansion time is more cost-effective. On the
other hand, an installation with more power and a shorter expansion time yields higher
annual profits and will be the more profitable one if it has a longer life. This indicates
that it is extremely important to align the energy storage system operation plan with grid
conditions and energy prices planned in advance. It follows that extending the discharge
phase (as in cases 1–5) reduces the flexibility of the energy storage system. On the other
hand, extending the discharge time reduces the financial investment, which at the same
time lowers the cost-effectiveness threshold for implementing an energy storage system.
Estimating the actual potential of a proposed energy storage system strongly depends
on its specific location and the adaptation of local state laws to the degree of demand for
energy storage systems. Even in the countries of the European Union, which has well-
defined development goals even up to 2050, there are significant discrepancies regarding
the process of contracting energy storage systems and their admittance to the realization of
system services other than price arbitrage. The CAES system, due to its time to start up and
reach full power (approximately 10 min [51]), can perform a number of roles in support of
the national power system. In addition to the aforementioned price arbitrage, which at the
same time supports the reduction in valleys and peaks in energy demand and production,
a system with these characteristics qualifies as a manual Frequency Restoration Reserve
(mFRR) system for regulating network parameters. Energy storage systems also provide
protection for the power system in the event of widespread grid failure and the need to
restart network equipment, known as blackstart. Depending on the legislation, some of
the ancillary services for energy storage are free or paid, and mandatory or optional. In
addition, there are also a number of initiatives aimed at increasing the cooperation of
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national power systems, which is also an opportunity to increase the cost-effectiveness of
energy storage operations—examples of such efforts are the Manually Activated Reserves
Initiative (MARI) [7] or Trans European Replacement Reserves Exchange (TERRE) [7]
projects, which were launched in 2017 and 2016, respectively, with the aim of launching
international joint platforms for the exchange of compensating energy between countries
in continental Europe.

4. Conclusions

This article presents the results of dynamic modeling of the operation of an adiabatic
energy storage system in compressed air. The model includes dynamic modeling of the
gas compression and expansion processes, as well as heat accumulation and storage in
the Thermal Energy Storage. A multivariate analysis from the range of expansion stage
scheduling made it possible to determine the efficiency of the system’s operation cycle, as
well as to perform an economic analysis of each case.

• The in-house numerical model demonstrates very high accuracy in both the modeling
of the Thermal Energy Storage reservoir and the adiabatic Compressed Air Energy
Storage system, which has been proven experimentally and comparatively with the
analytical results of other studies.

• The maximum round-trip efficiency was 70.32% for the system, whose discharge stage
length was the longest among those tested, lasting 6 h. The lowest efficiency was
achieved for the shortest discharge stage lasting 1 h and was 67.91%. The length of
the energy storage stage was also shown to affect the system’s cycle efficiency. The
efficiency of the system is affected not only by heat loss to the environment from the
TES tank, but also by internal heat dispersion in the rock material and tank walls.

• Reducing the time of the discharge stage results in an increase in the value of the air
pressure drop on the heat storage tank. For the case of a discharge stage lasting 6 h,
the value did not exceed 45 kPa. For a one-hour discharge stage, the maximum value
of the pressure drop was 1468 kPa. During the discharge stage, a continuous decrease
in the temperature of the regenerated air is observed.

• The economic analysis performed for the least favorable variant of adiabatic CAES
system shows the LCOS value equal to 223.24 EUR/MWh. The LCOS value varies
significantly depending on the assumptions made for economic calculations. The
most favorable LCOS equaled 75.86 EUR/MWh. It was achieved for the case with
the smallest investment outlay, which was the result of the longest discharge phase
and thus the smallest capacities of the tested expander. In addition, in this case, the
electricity was free, reflecting the case of operating the system as an integrating RES
with the power grid.

• Legislative support has been shown to be strongly relevant to the viability of an energy
storage system. The difference in LCOS for the option without the energy purchase
tax was in each case approximately 15 EUR/MWh lower than in the case where the
system operator is forced to purchase energy at the full market amount.

• Future studies should focus on setting a roadmap for implementation of large-scale sys-
tems to determine the scopes of legislative support. In addition, the presented numerical
model can be used to determine the optimal parameters of the TES tank in terms of
dimensions, type of storage material, as well as type of walls and thermal insulation.

• Future research should focus on the development of a consistent methodology to
determine the potential for large-scale energy storage at a given location of post-
mining infrastructure. The methodology should cover not only the local energy storage
needs of the grid, but also infrastructure strength aspects such as rocks stability and
composition, the condition of the shaft casing and other infrastructure, as well as
locally occurring water and gas leaks.
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Abbreviations
The abbreviations, symbols or subscripts used in this text are detailed below:

Abbreviations
A-CAES Adiabatic compressed air energy storage
CAES Compressed Air Energy Storage
CAPEX Capital Expenditure
EASE The European Association for Storage of Energy
LCOS Levelized cost of storage
MARI Manually Activated Reserves Initiative
mFRR manual Frequency Restoration Reserve
NPV Net Present Value
NPVR Net Present Value ratio
PHS Pumped Hydro Storage
RES Renewable Energy Sources
RMSE Root mean square error
TERRE Trans European Replacement Reserves Exchange
TES Thermal Energy Storage
UDEC Universal Distinct Element Code
Symbols
A area, m2

AC air compressor
Ac avoided costs, EUR
AT air expander
b range of measuring device
CARes compressed air reservoir
CF cash flow
cp heat capacity at constant pressure, J/kgK
D diameter, m
E energy, J
e energy price. EUR/MWh
h heat transfer coefficient, W/m2K
h enthalpy, J/kg
J investment cost, EUR
k heat conductivity coefficient, W/mK
K Operating and maintenance costs, EUR
L length, m
L liquidation value, EUR
M motor
m mass flow, kg/s
N TES diameter to particle diameter ratio, -
n number of TES segments, -
Nu Nusselt number, -
p pressure, Pa
Pr Prandtl number, -
Re Reynolds number, -
S Income, EUR
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t time, s
T temperature, K
v velocity, m/s
V volume, m3

Greek symbols
ε porosity, -
θ uncertainty
µ dynamic viscosity, Pa·s
ρ density, kg/m3

σ experimental standard deviation
Subscript
a air
A type A uncertainty
av average
b basalt
B type B uncertainty
f fluid
fs fluid-solid
fw fluid-wall
i_c energy consumption/energy price
i_p energy production/energy price
max maximum
min minimum
O&M_F fixed operation and maintenance costs
O&Mf fixed part of operating costs
O&Mv variable part of operating costs
p particle
s solid
TES_n nominal TES volume
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